Purpose: In the torn rotator cuff muscles, decreased expression of wnt10b prior to elevation of peroxisome proliferator-activated receptor g (PPARg) and CCAAT/enhancer-binding protein a (C/EBPa) has previously been reported. The purpose of this study is to elucidate the expression profiles of these adipogenesis-related genes after rotator cuff detachment and reattachment in a rabbit model. Methods: We investigated gene expression profiles of PPARg, C/EBPa, and wnt10b in different parts of rabbit supraspinatus (SSP) muscle after tendon detachment (n ¼ 6 for each time point). In addition, we assessed expression of the same genes after SSP reattachment with different intervals from initial detachment (n ¼ 6). Fatty degeneration of the SSP muscle was examined by Oil red-O staining. Gene expression profiles were examined by quantitative real-time polymerase chain reaction. Results: After SSP detachment, Oil red-O-positive oil deposits increased after 3 weeks. In the SSP reattachment model, numerous Oil red-O-positive cells were present at 5-week reattachment, following 2-and 3-week detachment. PPARg and C/EBPa messenger ribonucleic acid expression exhibited a significant increase at 2 and 3 weeks after SSP detachment and remained increased at 5-week reattachment after 2-and 3-week detachment. A decreased expression of wnt10b was observed from 1 week after SSP detachment. Expression of wnt10b was recovered not in the central area of the SSP muscle but in the periphery after reattachment. Adipogenic change was not observed when SSP tendon was reattached after 1-week detachment. Conclusions: These results may suggest that once the adipogenic transcription factors, PPARg and C/EBPa, were elevated, repair surgery after rotator cuff tear could not prevent the emergence of fat in the SSP muscle.
Introduction
Rotator cuff tears lead to degeneration of rotator cuff muscles. Degeneration of cuff muscles is often accompanied by deposition of fat, namely fatty degeneration. Severity of fatty degeneration in the rotator cuff muscles correlated with the size and number of tendons ruptured. 1, 2 In addition, degrees of fatty degeneration correlated with the time since the beginning of symptoms. 2 Recent prospective analysis of asymptomatic rotator cuff tears revealed that fatty degeneration was commonly found in degenerative rotator cuff tears with faster enlargement. 3 Several lines of evidence indicated that fatty degeneration was one of the prognostic factors of poor recovery after rotator cuff repair. [4] [5] [6] Even though repaired tendon was intact at the time of follow-up, preoperative existence of fatty degeneration was associated with worse outcome. 7 It is known that fat deposition in the muscle remains unchanged after the repair of rotator cuff tendon. Functional outcome showed improvement after arthroscopic repair of rotator cuff tear with fatty degeneration. 8 However, fatty degeneration was an irreversible process histologically and radiologically. [9] [10] [11] [12] Transcription factors, peroxisome proliferator-activated receptor g (PPARg) and CCAAT/enhancer-binding protein a (C/EBPa), play a critical role in adipogenesis. During adipogenesis, PPARg and C/EBPa maintain each other's expression level and activate downstream adipose-specific gene expression. 13, 14 A member of wnt gene family, wnt10b, is a secreted signaling factor originally found in human breast cancer. 15 It has been reported that wnt10b keeps preadipocytes undifferentiated and disruption of wnt10b signaling causes transdifferentiation of myoblasts into adipocytes. 16 Muscle-to-fat conversion of muscle satellite cells harvested from Leptin receptor-deficient obese rats also suggested involvement of wnt10b depletion. 17 It is reported that wnt10b inhibits adipogenesis by signals through wnt receptors, Frizzled 1, 2, and/or 5, and coreceptors low-density lipoprotein receptor-related proteins 5 and 6. 18 Expression of wnt10b is upregulated during regenerating process of skeletal muscles possibly due to the inhibition of adipogenic differentiation. 19 Expression levels of wnt10b in the longissimus dorsi muscle of steers showed decreased expression as compared with bulls. 20 It may explain that castration of cattle enhances intramuscular fat content of beef through regulation of wnt10b. Itoigawa et al. have examined the gene expression profiles in rotator cuff muscles after experimental resection of tendons. 21 Elevated expression levels of PPARg and C/EBPa were confirmed in the supraspinatus (SSP) muscles after rotator cuff resection. Prior to the elevation of these PPARg and C/EBPa, the expression of wnt10b was decreased in the SSP muscles. Together with the results of an in vitro experiment using cultured myoblasts, 21, 22 wnt10b might play a key role in the fatty degeneration of torn rotator cuff muscles. Depletion of wnt10b expression and succeeding elevation of PPARg and C/EBPa in SSP muscle was suggested as molecular mechanism of fatty degeneration of torn rotator cuff muscles. 21 Recently, Shah et al. reported that expression of wnt10b in rotator cuff muscles biopsied at the time of repair surgery was negatively correlated with increased tear size. 23 However, the molecular events in the SSP muscle after surgical repair have not been elucidated. An in vitro study exhibited that mechanical stretch enhances the expression of wnt10b and inhibits differentiation of myogenic cells into adipocytes. 22 We, therefore, hypothesized that restoration of mechanical stimulation by rotator cuff repair could stimulate the expression of wnt10b and possibly inhibit the elevation of PPARg and C/EBPa as well as fatty degeneration when repaired after short interval.
In the current study, we first investigated the gene expression profiles of PPARg, C/EBPa, and wnt10b in different parts of rabbit SSP muscles after tendon detachment. Furthermore, we assessed the same gene expression after rotator cuff repair in different periods from the initial detachment. Fatty degeneration of the SSP muscle was histologically examined by Oil red-O staining.
Methods

Animals
All experimental procedures were approved by the committee of animal experiments at the author's institution. Seventeen-to nineteen-week-old male Japanese white rabbits were used for this study. All surgical procedures in bilateral shoulders were performed under general anesthesia.
Surgical procedures
Rotator cuff tear and repair models were made based on the previous report from Matsumoto et al. 24 In brief, the SSP tendons were exposed by splitting the deltoid muscle. In the rotator cuff tear model, the SSP tendon was transected and detached from its insertion (Figure 1(a) ). The proximal stump of the SSP tendon was wrapped with a polyvinylidene fluoride (PVDF) membrane (Durapore7 SVLP, 125 mm thickness, pore size 5 mm, Millipore, Bedford, Massachusetts, USA) to prevent spontaneous reattachment ( Figure 1(b) ). In the rotator cuff repair model, the SSP tendon, transected and wrapped with PVDF membrane, was reattached to the greater tuberosity at different time points from initial surgery. The PVDF membrane was removed, and a bony trough (2 Â 2 Â 5 mm 3 ) was made between the articular cartilage of the humeral head and the tuberosity. The tendon stump was pulled into the trough with nonresorbable, monofilament 2-0 nylon (NESCO suture, Alfresa Pharma, Tokyo, Japan) through three drill holes of 1 mm diameter (Figure 1(c) ). Experiments for rotator cuff tear and repair were performed in the right shoulder. The left shoulder underwent a sham procedure which included skin incision, deltoid splitting, and closure same as experimental side without cuff detachment or reattachment (control side). After surgery, rabbits were allowed unrestricted activity in the cage.
Sample harvesting
Rabbits were euthanized with an overdose of sodium pentobarbital. The SSP muscles were excised from the scapula encapsulated by muscle fascia (Figure 1(d) ). The weight of the SSP muscles was measured immediately after excision. The most distal 5-mm tendinous part was discarded. The
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Journal of Orthopaedic Surgery 27 (3) remaining harvested SSP muscles were divided into three portions: distal, middle, and proximal. Five-millimeter cubic muscle tissues sampled from central and peripheral parts of the distal and middle portions were subjected to molecular analysis (Figure 1 (e)). Adjacent muscle tissue of the distal portion was used for histological analysis.
Experimental periods
In the rotator cuff tear model, the SSP muscles were harvested at 1, 2, and 3 weeks after surgery (n ¼ 6 for each time point: Figure 1 (f)). In the rotator cuff repair model, repair surgery was performed at 1, 2, and 3 weeks after initial surgery. The SSP muscles were harvested 5 weeks after the second surgery (n ¼ 6 for each time point: Figure  1 (f)).
Histological evaluation
A small part of the muscle specimen fixed with 10% neutral buffered formaldehyde and embedded in paraffin was sectioned and stained with hematoxylin and eosin. Microscopic images were captured by a digital camera (DP73 Olympus, Tokyo, Japan). The diameter of the muscle fiber was measured using ImageJ software (v.1.48, National Institutes of Health, Maryland, USA). Minimal Feret's diameter of muscle fiber was considered as the fiber diameter. 25 Oil red-O staining and quantification
The central portion of the SSP muscles was diced in 5 mm cubes. The SSP muscle was embedded in OCT compound (Tissue-Tek, Torrance, California, USA) and rapidly frozen in isopentane chilled with liquid nitrogen. Fivemicrometer-thick frozen sections were prepared with a cryostat (Bright, UK). The sections were then washed with distilled water and replaced by 60% isopropanol. The sections were stained by the Oil red-O solution (Oil red-O (Sigma, Missouri, USA) in 60% isopropanol) for 30 min and counterstained using hematoxylin. The slides were then thoroughly washed with distilled water. The extent of Oil red-O staining was quantified by Oil red-O elution, which was modified from a previously published method. 26 A 10-mm high cylinder was cut out from a 12-mmdiameter round-bottom polypropylene tube using a band saw. This cylinder was placed on the slides surrounding an Oil red-O stained muscle section. The cylinder was fixed in an aqueous mounting medium circumferentially applied for waterproofing. Oil red-O dye was extracted from three sections with 100 mL of 100% isopropyl alcohol placed in the cylinder (Figure 1(g) ). Furthermore, its absorbance was measured by a spectrophotometer (Infinite M200, Tecan, Switzerland) at a wavelength of 510 nm.
Quantitative real-time polymerase chain reaction
The SSP muscles were aseptically harvested at each time point and homogenized using POLYTRON (Kineatics, Lucern, Switzerland). Total ribonucleic acid (RNA) was extracted by TRIZOL reagent (Invitrogen, Carlsbad, California, USA) and cleaned using RNeasy Mini Kit (Qiagen, West Sussex, UK) according to the manufacturer's protocol. First-strand complementary deoxyribonucleic acid (cDNA) was synthesized using high-capacity cDNA archive kit (Applied Biosystems, Carlsbad, California, USA). The fractional cycle number at which fluorescence passes the threshold (Ct values) was used for quantification using a comparative Ct method. Sample values were normalized to the threshold value for b-actin: DCt ¼ Ct (experiments) À Ct (b-actin). The Ct value of control was used as a reference. DDCt ¼ DCt (experiment) À DCt (control). The fold change in messenger RNA (mRNA) expression was calculated by the formula 2 ÀDDCt .
Statistics
Paired student's t-test was used to determine significant differences between experimental and sham-operated shoulders. One-way analysis of variance (ANOVA) followed by Tukey's post hoc test was used for comparison between experimental shoulders at different times. Results are presented as mean values and the standard deviation. A value of p < 0.05 was considered statistically significant.
Results
Muscle weight and fiber diameter of the SSP muscles
To validate the effects of cuff tear on muscle volume and its properties, wet weight and fiber diameter of the SSP muscles were measured after experiments. Wet weight of the SSP muscles was significantly decreased by detachment of the tendon. The rate of reduction after detachment of the tendon was time-dependently increased. In addition, wet weight of the SSP muscles was decreased 5 weeks after reattachment surgery. The diameter of muscle fibers was decreased 2 and 3 weeks after detachment of SSP tendons. After reattachment surgery, the diameter of the muscle fibers was decreased compared with the controls in each time period. Infiltration of small mesenchymal-like cells was observed adjacent to the intramuscular tendon by histological examination (Figure 2 ).
Fatty degeneration of the SSP muscle in the rotator cuff tear model
In the rotator cuff tear model, the Oil red-O staining of frozen section showed positively stained adipose cells especially at 3 weeks after detachment. The quantification of oil deposit exhibited significant increase at 3 weeks after detachment (Figure 3 ). In the gene expression profiles of the SSP muscles examined by RT-PCR at 1, 2, and 3 weeks after detachment, a decreased expression of wnt10b in the cuff tear side was observed from 1 to 3 weeks in both central and peripheral areas of distal portions. PPARg mRNA expression exhibited significant increase at 2 and 3 weeks after detachment in the peripheral and central areas of the distal portion and at 3 weeks in central area of the middle portion. PPARg mRNA expression at 2 and 3 weeks after detachment showed significant increase when compared to 1 week after detachment in both central and peripheral areas in distal portion. C/EBPa mRNA expression 4
Journal of Orthopaedic Surgery 27 (3) showed significant increase at 2 weeks after detachment in the central and peripheral area and 3 weeks in central area of the distal portion. C/EBPa mRNA expression at 2 and 3 weeks after detachment showed significant increase when compared to 1 week after detachment in central area of distal portion. There was no significant difference in wnt10b and C/EBPa mRNA expression in the middle portion ( Figure 4 ).
Fatty degeneration of the SSP muscle in the rotator cuff repair model
In the rotator cuff repair model, numerous adipose cells were Oil red-O positive on frozen sections from samples at 5-week reattachment after 2-and 3-week detachment. The quantification of oil deposits exhibited significant increase in lipids at 5-week reattachment after 2-and 3week detachment when comparing to sham-operated shoulders. When comparing between different time points, oil deposit was significantly increased in 5-week reattachment after 2-and 3-week detachment than 5-week reattachment after 1-week detachment ( Figure 5 ). The gene expression profiles in the distal portion of the SSP muscles were examined by RT-PCR. Depletion of wnt10b was observed in the central area at 5-week reattachment after 1-, 2-, and 3-week detachment. Elevation of PPARg and C/ EBPa mRNA expression in the detached muscles was observed in both central and peripheral areas at 5-week reattachment after 2-and 3-week detachment. Comparison between different time points exhibited significant increase of PPARg and C/EBPa mRNA expression in peripheral area between 1-and 2-week detachment followed by 5-week reattachment ( Figure 6 ).
Discussion
Our investigation on rabbit SSP muscles after rotator cuff detachment demonstrated an emergence of oil deposits in the muscle and elevation of the adipogenic transcription factors, PPARg and C/EBPa. The expression of wnt10b showed significant depletion prior to the change of histology and adipogenic transcription factors. These results from the rabbit experimental model were consistent with the results from a rat model previously reported by Itoigawa et al. 21 According to our findings in tendon repair model, numerous oil deposits were observed in the SSP muscles at 5 weeks after repair, following detachment for 2 and 3 weeks. In addition, the expression of PPARg and C/EBPa was significantly increased in these samples. The expression of wnt10b remained decreased 5 weeks after repair in the central area of the distal portion of the SSP muscles. Significant fatty degeneration was undetectable if the tendon was repaired after 1-week detachment when adipogenic transcription factors had not yet elevated. These results suggest that elevation of adipogenic transcription factors indicates the fate of fatty degeneration in the SSP muscles. Shah et al. 23 investigated gene expression profiles of adipogenic transcription factors and wnt10b in torn human rotator cuff tears, which are consistent with our results. Frey et al. 27 examined adipogenic gene expression in rotator cuff muscle of the sheep after tendon tear. PPARg and C/ EBPa expression started increasing at 12 and 13 weeks after the tear, respectively. Larger animals may exhibit delayed responses of adipogenic transcription factors after rotator cuff tear. In other words, there seems to be a time threshold of tendon detachment for irreversibility of fatty degeneration, which may or may not be specific to animal species. Further analyses on gene expression profiles of PPARg, C/EBPa, and wnt10b in human torn rotator cuff muscles may elucidate appropriate time for surgical rotator cuff repair.
Rabbits were used as experimental model in this study. To date, several animal models have been developed to investigate the pathophysiology of rotator cuff tears. 28, 29 Kovacevic et al. 30 reported the rat surgical rotator cuff repair model. In most of reported surgical repair models, rats underwent acute repair of rotator cuff tendon. In animal models, it is well known that detached rotator cuff tendons are spontaneously reattached. Reattachment surgery models after certain cuff tear period could have a possibility of loss of discontinuity of rotator cuff during waiting period. Matsumoto et al. 24 wrapped the detached rotator cuff tendon of rabbits with PVDF membrane to prevent spontaneous reattachment. Because of small size, the rat models with transection, prevention of spontaneous reattachment by wrapping with membrane and delayed repair of rotator cuff tendon are technically demanding and prone to low reproducibility. Rabbits provided an excellent model for histological and biomechanical examination 28, 29 ; thus, several researchers have utilized rabbit models to study events after rotator cuff repair. 24, 31, 32 Rotator cuff tears have a substantial impact on cuff muscles. In addition, we examined muscle weight of the SSP muscles after detachment and reattachment. Muscle weight of the SSP muscles failed to indicate recovery 5 weeks after reattachment. The area of cuff muscles examined by computed tomography (CT) in a sheep cuff tear model 33 and the volume of SSP in the rabbit tear model 29 also indicated prolonged atrophy even after reattachment of SSP tendons. Although the observation period after reattachment was shorter in our experiment than in these previous studies, weight of the SSP muscle showed similar tendencies.
Previous studies indicated that fatty degeneration was mostly located in the musculotendinous junction. 21 In the Journal of Orthopaedic Surgery 27 (3) rat model, more oil deposits were observed in the distal portion of the SSP muscle than in the middle portion. 21 In the current rabbit model study, we examined the localization of the fatty degeneration in detail. The central area of the distal SSP muscles contains intramuscular tendons and surrounding muscle tissues, although the peripheral area almost completely consists of muscles. Our histological findings showed emergence of oil deposits mainly in central area of the distal SSP muscles. The reason why emergence of adipocytes was localized to the central area of the distal SSP muscles remains unknown. We considered that adipocytes in muscle tissue had risen from stem cells that reside in the muscle. A study using electron microscope exhibited that satellite cells are uniformly distributed throughout the whole muscle. 34 Davies et al. 35 reported transient activation of muscle stem cell in the murine rotator cuff muscles after tendon transection. They, however, did not examine the distribution of stem cells in the muscle. Injury of muscle fibers which cause activation of muscle stem cells was mostly observed in distal portion of rotator cuff muscles after reattachment surgery. 36 Further study will be required to reveal the distribution of adipocyteinducing signals and stem cell source in the rotator cuff muscles with torn tendon. The expression levels of wnt10b remained decreased after reattachment surgery in the central area of the distal SSP muscles. Expression of wnt10b in the central area was higher in 1-week detachment, followed by 5-week reattachment compared with 2-and 3-week detachments. Oil red-O staining and adipogenic markers were not significantly changed in 1-week detachment, followed by 5-week reattachment. There may be a threshold in the wnt10b depletion level and duration, which initiates the successive change of adipogenic markers. Peripheral areas of the SSP muscles after reattachment did not exhibit significant change in wnt10b expression level compared with the control side. We examined only mRNA expression of wnt10b, which is secreted as a signal protein. Although the spatial effectiveness of the wnt10b signal is not well known, the total amount of wnt10b protein expression in the muscle may be recovered by the repair of the SSP muscle tendon in samples from 1-week detachment, followed by 5-week reattachment.
The extent of fatty degeneration was quantified by elution of Oil red-O staining of the frozen sections. To date, this method was applied for the quantification of adipogenesis on the culture dish. 26 To the best of our knowledge, this is the first study to utilize this method for quantification of adipogenesis in histological sections. We standardized the volume of sections by dissecting the same cubic size of muscle and using fixed-thickness frozen section. CT images have been used for the measurement of fatty degeneration of experimental animal models. However, our method could be easily measured with a spectrophotometer, although there is a possibility of measurement error as that with any other method. Howald et al. 37 described two types of lipid accumulations in the muscle, intramyocellular lipid (IMCL) and extramyocellular lipid (EMCL). The lipid droplets of IMCL are located in close contact with the mitochondria, which resides between myofibrils in the myotubes. Free fatty acid in IMCL is readily available as the energy source of muscle contraction. IMCL is quite tiny droplets which require an electron microscope to detect in non-pathologic condition. Conversely, EMCL is a lipid droplet in the adipocytes, which is characterized by a large lipid droplet occupying the most of cytoplasm. The rotator cuff tear possibly increases IMCL in the cuff muscle as well as EMCL. In addition, lipid-laden macrophages 38 and non-cell-based lipid accumulation can be found in the muscle with rotator cuff tears. Elution with Oil red-O probably evaluated all those types of fatty accumulation in the rotator cuff muscles.
Muscle fiber diameters were decreased in 1-week detachment followed by 5 week-reattachment compared with 1-week detachment. At the time of reattachment surgery, the stump of the detached SSP tendon was pulled into the trough made between humeral head cartilage and greater tuberosity. This procedure possibly elongated the length of the SSP muscle fibers and increased its muscular tension. Pennation angle of rotator cuff muscle fibers thought to be increased after rotator cuff tear by retraction 39 and could be decreased by elongation of cuff muscles. Decreased pennation angle of fiber muscle after the reattachment surgery may be responsible for the decreased muscle fiber diameter. Gene expression of wnt10b in central and peripheral areas of the SSP muscle showed different response after reattachment. The wnt10b expression was recovered in peripheral area, whereas it remained depleted in central area. A previous in vitro study suggested the relationship between wnt10b expression and mechanical stimulation. 22 Elongation of SSP by reattachment might result in the difference of stress distribution and mechanical loading environment in SSP muscles. Correlation between tear size and repair tension, which affects healing of repair site, has been reported. 40 However, detailed distribution of mechanical stress in the muscle after tendon repair remains unelucidated. Muscle fiber tension could be associated with size of tear and adaptation of muscle sarcomere length after injury. 41 The severity of the full-thickness rotator cuff tears was classified by the size and number of involved tendons: small, medium, large, and massive. 42 In large and massive tears, the SSP muscle and tendon completely lost connection with the humeral head. Experimental animal cuff tear models, including our rabbit model, mimicked a large tear. From the results in the current study, the progression of fatty degeneration of the SSP muscle could not be ceased by surgical repair of the rotator cuff tendon once the adipogenic marker had been changed. It may be recommended that surgical repair of the torn rotator cuff tendon should be performed as soon as possible to avoid fatty degeneration of cuff muscles.
There are several limitations to our study. We only examined gene expression of wnt10b. Protein expression of wnt10b was not examined in this study. The length of observation after surgical repair was only 5 weeks after reattachment surgery. Trudel et al. 43 observed fatty degeneration of the SSP tendon 12 weeks after reattachment surgery using a rabbit model. Even after 12 weeks, there was distinct fatty degeneration. In our preliminary experiment, rotator cuff repair model with 3-and 12-week reattachment after 3-week detachment showed similar extent of fatty degeneration in the SSP muscle. It is less likely that Journal of Orthopaedic Surgery 27 (3) prolonged periods of observation after reattachment surgery will show decreased fatty degeneration. In clinical settings, rehabilitation has importance in the results of cuff repair surgery, [44] [45] [46] [47] but it is very difficult to evaluate the effect of rehabilitation after shoulder surgery using animal models. In addition, rotator cuff tears often occur in the degenerated tendon of elderly people. Furthermore, a sharply cut tendon stump in the young rabbit model may not be representative of that in clinical cases.
Conclusion
In conclusion, once the adipogenic transcription factors, PPARg and C/EBPa, were elevated, repair surgery after rotator cuff tear could not prevent the emergence of fat in the SSP muscle. The expression of wnt10b decreased prior to the alteration of PPARg and C/EBPa and recovered by tendon repair in the peripheral area of the SSP muscle.
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